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Introduction
Selenomethionine has recently gained prominence as an aid
to the rapid and convenient determination of protein crystal
structures. Originally proposed as a universal protein label
for structure determination using the multiwavelength
anomalous diffraction (MAD) technique [1], the substitu-
tion of methionine (Met) residues in proteins with seleno-
methionine (SeMet) has put a multipurpose tool in the
hands of crystallographers. Like any good tool, it is both
powerful and easy to use. Moreover, SeMet substitution has
turned out to have uses beyond the one for which it was
first intended.
The SeMet tool has proved very powerful in structure
determination, now accounting for about two-thirds of all
structures solved by MAD. This tool is easy to use
because the task of substituting SeMet for Met can be
carried out by cells in which the Met biosynthetic
pathway is blocked [2]. Growth of these cells in the
presence of SeMet leads to the complete, or nearly com-
plete, incorporation of SeMet into all proteins within the
cell. The survival and growth of such cells attests to the
similarity in structure and function of SeMet- and Met-
containing proteins. Furthermore, the structural similarity
of SeMet and Met proteins makes SeMet a very good iso-
morphous derivative and has led to its use in multiple iso-
morphous replacement (MIR) structure determination.
The location of SeMet residues is powerful knowledge in
tracing a polypeptide chain in an electron-density map,
and in defining operators relating multiple copies of a
polypeptide within a crystal.
SeMet has lately been thought of as a ‘magic bullet’ in
protein crystallography. Of course a true magic bullet is a
fantasy, and the SeMet bullet is not without a few chinks
in its casing. Here we discuss the greater chemical reac-
tivity of SeMet compared to Met and structural differ-
ences between these two amino acids. Happily, this
chink in the bullet casing is minor and easily avoided for
most proteins.
Chemical effects of SeMet substitution
Many years ago Shepherd and Huber [3] reported that
SeMet was substantially more reactive than Met when
treated with HCl, cyanogen bromide and H2O2. Their
description of conditions under which cyanogen bromide
cleaved SeMet completely, but Met remained unreacted,
is of potential use today. In combination with improved
technology for mass spectrometry, the cyanogen bromide
reaction could be used to examine the selective incorpora-
tion of SeMet at specific sites in proteins. HCl, cyanogen
bromide and H2O2 are not reagents of concern when pro-
teins are purified and studied under native conditions, but
the greater reactivity of SeMet in conditions commonly
used to study protein structure and function is important.
The reactivity of SeMet affects crystal structure determina-
tion when Se is used as a source of phase information. Prob-
lems arise because proteinaceous SeMet has a tendency to
be oxidized under ambient conditions. The oxidation of
SeMet generally does not prevent crystallization and does
not result in the formation of cross-linked products, as in
the case of cysteine (or SeCys), but instead causes chemical
and electronic changes at the Se atom which interfere with
crystallographic phase determination. SeMet MAD is based
on differential scattering of Se atoms (anomalous scatterers)
at X-ray energies near the Se K edge. Anomalous scattering
factors, which are the source of phase information in MAD,
are exquisitely sensitive to the electronic state of the Se
atoms. The oxidation state and orbital structure of Se affect
the position and shape of the K edge and the intensity of
the white line, which enhances the anomalous scattering
signal above the theoretical baseline at energies just above
the edge. The loss of phasing power derives from hetero-
geneity at the scattering centers in the sample and/or loss of
the white line.
The integrity of a protein substituted with SeMet is first
judged by its ability to fold and function, and second by its
ability to crystallize and the crystals to diffract. None of
these assessments is generally of use in evaluating the
oxidative integrity of SeMet. However, the K-edge X-ray
spectrum, which is due to transitions of inner-shell elec-
trons, is more strongly influenced by changes in the outer
bonding electronic shells for Se than for heavier atoms.
Thus the K-edge X-ray spectrum of a SeMet protein is an
excellent monitor of the electronic integrity of Se sites in
the sample.
In order to select optimal wavelengths for data collection,
the first step in any MAD experiment is the measurement
of an X-ray fluorescence spectrum from a sample crystal.
Anomalous scattering factors can be derived from such
spectra [4]. Aberrant X-ray fluorescence spectra have been
measured occasionally from SeMet proteins. Compared to
the usual Se K-edge fluorescence spectrum for SeMet,
most aberrant spectra are characterized by a somewhat
broader K edge and a greatly diminished white line above
the edge (Figure 1). In other cases, the white line is not
diminished but is split. For proteins with more than one
or two SeMet, the aberrant spectra are not due to
anisotropy of the Se K edge, which is observable only
when all C–Se–C planes of all SeMet residues in the
sample are approximately parallel. We speculated that
SeMet oxidation was the cause of the aberrant spectra. In
order to test this idea the X-ray fluorescence spectra of a
set of Se compounds in different oxidation states were
compared. The samples used in the study comprised
metallic Se, aqueous SeMet solution, SeMet treated with
H2O2 and selenate (Na2SeO4) (Figure 2). The Se K-edge
spectrum of a freshly prepared SeMet solution resembles
the usual spectrum from SeMet protein crystals. As
expected for a light element like Se, the more oxidized
species have K edges at slightly higher energies. The
H2O2-oxidized species and the selenate also have more
intense white lines than does SeMet. The aberrant
spectra obtained from SeMet proteins do not resemble
any of the other Se X-ray spectra recorded in this study.
Moreover, the aberrant protein spectra are not reproduced
by a combination of the spectra for SeMet and H2O2-oxi-
dized SeMet in any proportions. On the basis of the
appearance of the other Se spectra, we conclude that the
aberrant protein spectra represent multiple Se species.
The mechanism and products of the spontaneous oxidation
of SeMet are unknown, and the literature of Se chemistry
is not terribly helpful in identifying likely candidates.
Spontaneous breakdown of SeMet in aqueous solution has
been reported [5], although temperatures above ambient or
storage in sunlight were required for breakdown on a
timescale of one year [6]. Neither of these studies addressed
the question of SeMet breakdown within a protein. Some
knowledge as to the possible products of SeMet oxidation
has been gained from the chemical oxidation of SeMet
carried out with stronger oxidants than would be encounter-
ed by proteins under typical purification and crystallization
conditions. These studies were directed towards the quanti-
tative production of a Se species that would allow accurate
determination of SeMet in samples with much higher levels
of Met. In these experiments SeMet was oxidized with
H2O2 using a protocol reported to convert Met to Met
sulfoxide (-SO-), a two-electron oxidation [7]. The product
of H2O2 oxidation of SeMet is unknown, but may be pre-
dominantly the result of a four-electron oxidation to the
selenone (-SeO2-), and not the selenoxide [8]. Selenoxide
was reported to be the predominant product of two-electron
oxidation of SeMet by the milder oxidant peroxynitrite
(OONO–), although an irreversible one-electron oxidation
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Figure 1
Anomalous scattering factor (f′′) spectra for SeMet proteins. (a) A
normal SeMet spectrum from a frozen crystal of the nitrogen fixation
protein NifS that was grown in an inert atmosphere and frozen
immediately upon removal (JT Bolin and CL Colbert, personal
communication). (b) An aberrant SeMet spectrum from a frozen crystal
of N-myristoyl transferase that had not been treated with dithiothreitol
[14]. X-ray fluorescence spectra were recorded at the European
Synchrotron Radiation Facility (ESRF) beamline BM-14 from single

























reaction also produced ethylene [9]. Peroxynitrite is a strong
biological oxidant produced from nitrous oxide, and thus
is thought to be a mediator of several cellular processes
through the nitration of tyrosine residues [10].
The spontaneous oxidation of SeMet within proteins is a
result of the protein environment. We have stored SeMet
in water at room temperature for times exceeding one
year with no observable change in the appearance of the
Se X-ray fluorescence spectrum. Because the protein envi-
ronment supports oxidation, susceptibility varies among
proteins and among SeMet sites within a protein. For
example, we have observed normal SeMet fluorescence
spectra from protein crystals that have sat in crystallization
droplets unprotected from oxidation for nine months at
20ºC. On the other hand, it has been necessary to crystal-
lize a few SeMet proteins in an inert atmosphere in order
to protect against oxidation [11,12]. In two cases where
aberrant Se fluorescence spectra were reported, no obvious
oxidants were present in crystallization or protein solu-
tions, neither protein contained metal, and both were crys-
tallized at near neutral pH. The two proteins that gave rise
to these aberrant spectra were the class II PDZ domain,
which was crystallized with (NH4)2SO4 [13], and N-myris-
toyl transferase crystallized with polyethylene glycol (PEG)
4000 [14]. Evidence for the variable reactivity of individ-
ual SeMet sites with oxidants comes from the appearance
of the Se X-ray fluorescence spectra (Figure 1) and from
the difficulties encountered during the structure determi-
nation of the PDZ domain [13]. Successful MAD phasing
for the PDZ domain required refinement of individual
anomalous scattering factors for each of the Se sites in the
protein. Residual density near two of the six Se sites was
also found in electron-density maps.
In addition to heterogeneity introduced by the different
oxidation sensitivities or heterogeneous oxidation products
of individual SeMet residues, incomplete oxidation of indi-
vidual sites may also contribute to heterogeneity in a
sample crystal. Nevertheless, the structure determination of
the PDZ domain is remarkable proof that MAD phasing
can be accomplished from crystals of oxidized proteins with
heterogeneous SeMet sites [13]. It should be remembered,
however, that the power of SeMet MAD lies in its speed
and straightforward application and, if possible, special
manipulations of the diffraction data are best avoided.
Whatever its cause, the effect of heterogeneity usually is a
diminished MAD signal (Figure 1): the MAD Bijvoet
signal (f′′) is reduced by the less intense white line, and
the dispersive signal (f′) by the slightly broader K edge.
For proteins with a typical Met content (i.e. one Met in
every 50–60 amino acids) the SeMet MAD signal is ~5%
of the total scattering amplitude |F|, being similar in mag-
nitude to the measurement error for good quality data sets
by current standards. Thus any change in magnitude of
the phasing signal has an immediate impact on structure
determination. Our experiments with H2O2-treated SeMet
(Figure 2) indicate that the phasing signal would be
enhanced about one-third by oxidation of SeMet to, pre-
sumably, the selenone. This would require the protein or
crystals to withstand 0.15% H2O2 and all SeMet sites to
react completely and identically.
Spontaneous oxidation of SeMet in proteins can be pre-
vented or reversed with the disulfide reducing agents
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Figure 2
Anomalous scattering factor (f′′) spectra for Se model compounds. 
X-ray fluorescence spectra for all compounds were recorded during
one session at the ESRF on beamline BM-14. X-ray energy was
calibrated by assigning the inflection point of the Se metal spectrum
to the theoretical value of 12.658 keV (λ = 0.9795 Å), with the result
that the Se edge for SeMet occurs at 12.660 keV. SeMet samples
were freshly prepared 50 mM aqueous solutions; Se metal and
Na2SeO4 were solids. Oxidized SeMet was produced by treating a
50 mM solution of SeMet in water with 0.15% H2O2 for about 1 h at
room temperature, the predominant product is probably SeMet
selenone. The traces are color-coded for the different samples: the
blue trace corresponds to Se metal; the red trace SeMet; the green














commonly employed in protein chemistry. The major
species produced by peroxynitrite oxidation of SeMet,
presumably the selenoxide, can be reduced with mild
reductants such as glutathione and β-mercaptoethanol
[15,16]. Neither N-myristoyl transferase nor the PDZ
domain were crystallized in the presence of reducing
agents, but crystals of N-myristoyl transferase treated with
dithiothreitol were seen to have normal Se X-ray fluores-
cence spectra. We typically include dithiothreitol in all
SeMet protein solutions and in crystallization buffers. Of
course, crystals are protected from spontaneous chemical
oxidation as soon as they are flash frozen in liquid N2 or in
a gaseous N2 cold stream. We have not observed aberrant
SeMet X-ray fluorescence spectra from photo-oxidation in
the X-ray beam.
SeMet has also been used widely as an isomorphous
derivative in protein crystallography (e.g. [17]). The iso-
morphous phasing signal of SeMet is about twice as
strong as the MAD phasing signal (18 e– versus 7–11 e–),
although systematic errors due to lack of isomorphism
may limit the extent of phasing. The oxidation of SeMet
is expected to interfere with MIR structure determination
not by reducing the raw phasing signal, as in MAD, but
by the introduction of heterogeneity. The chemical het-
erogeneity of Met and oxidized SeMet may be more
important in MIR because of the reduced isomorphism of
SeMet and Met crystals.
Structural effects of SeMet substitution
The magic bullet aspect of SeMet in protein crystallogra-
phy stems from its virtual isostructuralism with Met and
the resulting isofunctional SeMet and Met proteins. The
chemical stability of SeMet under physiological condi-
tions can be attained over the experimental time frame,
as described above, but what other differences need to
be considered? The structural and behavioral differences
between SeMet proteins and Met proteins are due to the
slightly larger size of Se (1.17 Å atomic radius) compared
to S (1.04 Å). The Se–C single bond (1.9 Å) in SeMet is
also about 0.1 Å longer than the S–C bond. Steric effects,
however, do not appear to be important to the properties
of SeMet proteins. Protein structures have enough breath-
ing room and flexibility to accommodate the SeMet sub-
stitution within the confines of the native, wild-type
structure, even in the densely packed interiors where
hydrophobic Met sidechains are commonly located.
The substitution of Met with SeMet can affect both the sol-
ubility and stability of proteins due to differences in the
hydrophobicity of these two amino acids. Because of the
larger size of Se than S, SeMet has a larger surface area and
hence hydrophobicity than Met. Differences in exposed
hydrophobic surface affect protein solubility, and differ-
ences in buried hydrophobic surface affect stability. Thus
both solubility and stability effects are dependent on the
sidechain environment in the native protein. SeMet and
Met have strikingly different solubilities: 108 mM and
386 mM, respectively, in water at 30ºC [3]. The difference
in solubility of SeMet and Met may also be reflected in the
relative solubilities of SeMet and Met proteins. In general,
SeMet proteins are slightly less soluble than their Met
counterparts under typical conditions, dependent on the
extent of exposed surface area of Met sidechains in the
native protein.
Clearly, solubility has a large impact on protein crystalliza-
tion. Most SeMet and Met proteins crystallize under very
similar conditions. Nevertheless, the small difference in
the solubility of SeMet and Met proteins is magnified
during crystallization, when protein solutions are brought
to supersaturation. Very often the first crystals of a SeMet
protein are obtained by seeding with crystals of the Met
protein, again attesting to the isostructuralism of SeMet
and Met proteins. Because supersaturation conditions
differ slightly, some experimentation is usually required in
order to establish optimal crystallization conditions for
SeMet proteins when starting from the conditions used for
their Met counterparts.
Hydrophobic Met sidechains are more often found in the
interior of globular proteins than on the solvent-exposed
surface [18]. Thus a SeMet protein is expected to be more
stable than its Met counterpart because of the greater
hydrophobic surface area buried in the native protein. This
effect has been studied most extensively in lysozyme from
bacteriophage T4; SeMet lysozyme is slightly more stable
to thermal denaturation than Met lysozyme. Furthermore,
the use of site-directed mutagenesis to introduce more Met
sidechains into the hydrophobic core of the protein causes
the thermal stabilization from SeMet substitution to
increase (N Gassner, W Baase and BW Matthews, personal
communication). Of course, if the majority of Met side-
chains were on the surface of a protein, then the opposite
effect would be expected. Stability measurements have also
been made for annexin V with telluromethionine (TeMet)
substituted for Met. TeMet would be expected to have a
larger effect on stability than SeMet substitution because of
the larger size of Te (1.37 Å radius). In the case of annexin
V, however, the protein was destabilized. This observation
could be explained by the fact that Te is more reactive than
either S or Se and two TeMet sidechains at the surface of
the protein apparently reacted with each other to produce a
non-native and possibly strained structure [19].
As with other aspects of protein chemistry and structure,
there are exceptions to every rule: not all SeMet proteins
are more stable than their wild type counterparts; SeMet
proteins do not always crystallize isomorphously with their
wild type counterparts; conditions for growth of SeMet
protein crystals do not always require changes to the pro-
tocol for crystallization of wild-type protein; growth of
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SeMet protein crystals does not always require seeding
with crystals of wild-type protein; and all SeMet proteins
are not spontaneously oxidized.
In summary, the chemical reactivity of SeMet presents a
small complication to its use in protein crystallography.
However, the heterogeneity resulting from spontaneous
oxidation of SeMet is easily prevented or reversed. An
enhanced MAD phasing signal may even result from
quantitative chemical oxidation of SeMet protein crystals.
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